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Abstract
The Chukchi and Beaufort Seas include several important hydrological features: inflow of the Pacific water, Alaska coast current

(ACC) , the seasonal to perennial &ea ice cover, and landfast ice along the Alal'kan coast. The dynamics of this coupled ice-ocean sys

tem is important for both regional scale oceanography and large--scale global climate change research. A number of moorings were de

ployed in the area by JAMSI'EC since 1992, and the data revealed highly variable characteristics of the hydrological environment. A re

gional high-resolution coupled ice-ocean model of the Chukchi and Beaufort Seas was established to simulate the ice-ocean environment

and unique seasonallandfast ice in the coastal Beaufort Sea. The model results reproduced the Beaufort gyre and the ACe. The depth

averaged annual mean ocean currents along the Beaufort Sea coast and shelf break compared well with data from four moored ADCPs,

but the simulated velocity had smaller standan:l deviations, which indicate small-scale eddies were frequent in the region. The model re

sults captured the seasonal variations of sea ice area as compared with remote sensing data, and the simulated sea ice velocity showed

an almost stationary area along the Beaufort Sea coast that was similar to the observed landfast ice extent. It is the combined effects of

the weak oceanic current near the coast, a prevailing wind with an onshore component, the opposite direction of the ocean current, and

the blocking by the coastline that make the Beaufort Sea coastal areas prone to the formation of landfast ice.
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1 Introduction

The Chukchi and Beaufort Seas include the vast

Chukchi Sea shelf (=50 m depth) , and the Beaufort

Sea shelf and its extension to the basin (see Fig. 1).

The physical oceanography of the Chukchi and

Beaufort Seas is featured by seasonal to perennial sea

ice cover, and interactions of several important water

masses: the incoming warm and fresh Pacific water,

the cold and salty arctic sunace water, and the Atlan

tic intennediate water (Weingartner et al., 2006;

Pickart et al., 2005;Weingartneret al., 1998). The
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lution, the mechanism of the fonnation of landfast ice

in different regions was not well identified due to lim

ited obseITations, and the methods to simulate the

fast ice in the sea - ice model were not yet developed

and tested in different coastal ice- ocean systems.

These locally important features in the coastal areas

have to be simulated with adequately high-resolution

models and thus, their contribution to the large-scale

circulation can be assessed. The demands from the

coastal community, offshore oil industry, navigation

and transportation, and growing international interests

in the climate change in the polar region, are the

main incentives for this study. The high-resolution

coupled 3-D ice - ocean model of the Chukchi and

Beaufort Seas was developed to understand and simu

late the main dynamics of the complicated ice - ocean

system. Instead of discussing every aspect of the cou

pled ice - ocean model results, we focused on the

ocean current and sea ice area in the Alaska coastal

region and their relation to the formation of landfast

ice along the Beaufort Sea coast. Presented below are

the obsen'ational data used in the study, the coupled

ice - ocean model settings, and a discussion on the

model-data comparisons.

2 Observations
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minimum ice extent and ice edge of the arctic that u

sually fall in this area have been widely used as indi

cators of global climate change (Stroeve et al.,

2005). Regionally, the Alaskan coastal landfast ice

is a key element of the Alaskan coastal system, inte

gral to a wide range of geological and biological

processes as well as human activities. Along the coast

of the Alaskan arctic, landfast sea ice can extend

from 18 to 30 m water depth in the winter months in

the Beaufort Sea (Stringer et al. , 1980). It provides

seasonal access from the land to hunting grounds at its

seaward edge and is utilized as a platform for offshore

oil development. Its presence can mitigate the effect

of winter stonns on the coast. Alaskan landfast ice is

typically a seasonal phenomenon. Its annual cycle

can be broadly characterized by a gradual seaward ad

vance from the coast beginning in early winter fol

lowed by a rapid retreat coinciding with the onset of

spring (Mahoney, Eicher, Gaylord et al. , 2007).
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Fig. L Model domain with colors indicating water depth

from less than leD m in the shelf to more than 3 CD) m in the

basin, and locations of mooring CBI, BFK, BFS and MC!.

Although a great effort of coupled ice-ocean

modelling has covered this important area, most of

these regional-to-global models tend to have coarse

resolutions of being approximately 20 to 100 km (Hol

lowayet al. , 2007; Wang et al. , 2(05) and have a

focus on the large-scale phenomena of the Arctic Re

gions or larger areas. The small-scale phenomena,

such as the Alaskan coastal current and landfast ice,

are barely resolved in those models. Besides the reso-

Most of the observations in the areas were main

ly conducted during arctic expeditions from various

countries in the summer (July to September). The

long ice-covered winter conditions are mainly ob

served through moorings (Woodgate et al. , 2005a)

and some rare submarine measurements, e. g. , sci

entific ice expeditions (SCICEX 99) of the US Navy

from 1995 to 1999. In this study, four out of 16

moorings deployed by the Japan Marine Science and

Technology Center (JAMSTEC) between 1992 and

2000 were chosen because of their representative lo

cations along the Alaskan coast (mooring locations

in Fig. 1 ). The time inteITal and depth range of the
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moorings are shown in Table 1. Each mooring in

cludes at least one full annual cycle of the hydrologi

cal variables, such as crn temperature and salinity,

and ADCP current data at several depth levels.

Large-scale sea - ice concentrations from the Nation

al Snow and Ice Data Center's (NSIDC) remote

sensing data measured by special sensor microwave/

imager (SSWI, 20 km resolution) are intelJlolated

into our model grid for comparison. MontWy clima

tology of the Beaufort Sea coastallandfast ice is from

Mahoney, Eichen, Gaylord et al. (2007) based on

their multiyear SAR obseli'ations and data analysis.

Table L JAMSTEC mooring names, time interval, bottom depth, and ADCP instrument depth

Station name

eBJ

BFK

BPi

MC)

Time interval BotlDm depth/m Instrument depth/m

Sep.1992 Jut 1997 75 10 ~56

Jut 1998 Oct. 1999 132 82 ~ 126

Jut 1998 Oct. 1999 513 101 ~250

Oct. 1999 Oct. 2000 260 164~243

3 Coupled ice - ocean model

The coupled ice - ocean model (CIOM, Wang

et al. , 2005; Yao et al. , 2000) consists of a mul

ticategory sea ice model (Hibler, 1980, 1979)

and the Princeton ocean model (POM, Mellor,

1996; Blumberg and Mellor, 1987). The CIOM

has been applied to the Pan-Arctic Atlantic Ocean

with a horizontal resolution of 27. 5 km (Wang et

al. , 2005). The model was reconfigured for this

study, and the model domain (Fig. 1) was large

enough to include most of the circulation features in

the Chukchi and Beaufort Seas, such as the inflow

of North Pacific water from the Bering Strait, the

Beaufort gyre in the Canada Basin, and the intru

sion of intennediate water from the North Atlantic

through open boundary fluxes. The open boundary

conditions of oceanic and sea ice fluxes are from a

coupled global ice-ocean model [ ( 1/6 ) 0 meridio

nal by (1/4) 0 zonal] by the Center for Climate

System Research (CCSR), University of Tokyo

(Holloway et al. , 2007; Watanabe et al. , 2006).

This global model is one of the Intergovernmental

Panel on Climate Change (IPCC) models. The

transport through the Bering Strait was also modified

with the observational data by Woodgate et al.

(2006, 2005 b), and the total transport along all

open boundaries were adjusted accordingly to reach

a balance at each time step.

To resolve the important coastal current and ed

dy activities along the shelf break of the Beaufort Sea

(Manley and Hunkins, 1985), the coupled ice

ocean model was configured with a high resolution to

simulate the ice and ocean dynamics. The horizontal

resolution of (1/28) 0 by (1/8) 0 (3. 9 km in me

ridinal direction and 3. 8 ~ 5. 6 km in zonal direction

from the north to the south boundaries) is less than

the first baroclinic Rossby radius of deformation of

about 21. 5 km (Shaw and Chao, 2003) in the re

gion. Tidal current is not included in this study, be

cause the Beaufort Sea tidal current is very weak (as

shown later from the ADCP data) , on the order of 1

cm!s or less in most regions, much less than other

Beaufort Sea coastal and wind-driven currents.

The model runs from 1990 to present with daily

atmospheric forcing data ( wind, air temperature, air

specific humidity, and precipitation) from the Na

tional Center for Environmental Protection (NCEP)

reanalysis data set, following Wang et al. (2005).

Initial temperature and salinity are interpolated from

the Polar Science Center hydrographic climatology
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4 Results and discussion

(PHC3.0, Steele et ol., 2001).

4.1 Comparison of model results with mooring data

with the observations in both direction and magni

tude. These vectors represent the mean circulation

patterns in the coastal Chukchi and Beaufort Seas:

the coastal current was strong and persistent (annual

mean of 28 cmls and standard deviation of 21 cmls

calculated from the monthly mean data) in the Bar

row Canyon because of the narrow topography

effects; the current was weaker and unstable (annu

al mean of 3. 8 - 5. 8 cmls and standard deviation of

2.3 -6.1 cmls) at stas BFK and BF'S after turning

into the Beaufort Sea, and only 1 cmls at Sta. MCl.

But the weak current at those Beaufort Sea moorings

was also because these stations are on the edge of the

shelf and the shelf break, where two opposite CD-CU

lation patterns in the Beaufort Sea meet: (1) the

ACC that Dows eastward along the Beaufort Sea

coast, and (2) the Beaufort gyre that nows westward

along the shelf break. Those two current patterns

were present in both fully ice-covered winter months

(Fig.3a) and in the summer months (Fig. 3b) when

the coastal ice was melted. The ACC was maintained

by strong freshwater input along the Alaska coast and
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Fig. 2. Compari90o of simulaled anel observed annual mean

depth-averaged current at the four mooring stations.

The model results of 1999 were used for com

parisons with the mooring data because most of the

data were from 1998 to 1999 (see Table 1). 'The

simulated annual mean depth-averaged (over the

depth range of the mooring data) current vector at

the four stations (Fig. 2) showed good agreement
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fig. 3. Modeled sea surface (all m depth)currenl field imposed on topography.

The llJTOWS in red denote velocities greater than 30 emls.
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Specturrn of the ADCP velocity at BFK station

(CPH denotes cycle per hOW').

'010'00'

__ tTl«:In. mu"riD!,:
• m..-..on.TTKXio::I

30

,20

'0

Fig. S.

w

~ 00'::
~
.] ,.,.
,

I~,
t

10-.
J

00'

w

was opposite to the annual mean wind in the Beaufort

Sea (see Fig.4) that maintained the Beaufort gyre.

Although the annual mean wind speed was very small

(2 -5 mls), occasional storms can produce strong

disturbance to the weak mean CWTent system. The

power spectrum of the ADCP data from Sta. BFK

(see Fig. 5) showed almost continuous energy sig

nals in the 1 b to 1 d period. The semidiurnal and

diurnal tidal energy was weak and unidentifiable in

the spectrum. The simulated current at Sta. BFK

showed smaller and lesser high·frequency vanance

than the observed velocities (see Fig. 6), although

the annual mean is very close (see Fig. 2). Since

the high·frequency movement has much lower energy

compared with long-term mean CWTent in the power

spectrum. the model results can still represent the

main dynamics of the ocean CWTent. Those high-fre

quency activities indicate that short-time and small

scale events, such as internal waves, eddies and cy

clones etc. , were frequent in the region and more ef

forts are needed to understand their mechanism and

include them in the model.
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Fig.4. Annual mean win.t of 1999 from N"CE:P

reanalysis .tala.

4.2 Comparison of model results with sea ice obs

ervations

,
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Fig. 6. Simulated and ohserved depth'BveIaged U and

Yat BFK station.

Most of the sea ice on the Beaufort and Chukchi

Seas shelves is seasonal ice that starts to form quick

ly from north to south in October, but the melti ng of

the sea ice usually takes much longer from south to

north in June to mid-September. The modelled sea

ice area (Fig. 7) showed such an annual cycle and

10

Jan.lm .\pr.l999 Jul.lm
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Fig.7. Conparison of modeled and SSM/I-measured

annual cycle of ice area in 1999.

0.5 .L~~_~~~~_~""''''_~~~

J3ll. Feh. Mar. Api'. 'lay Jun. Jul, Au~. xp. Oct, I\OY. Ike, J3ll.
'I'irn~

compared well with the SSM/! observations. Here,

the total sea ice-covered area was summed for the

model and SSWI data at each grid in the model do

mam where sea ice concentration was greater than

15% (SSM/I data contains a lot of noise below this

level). The simulated ice edge compared reasonably

with the SSM/I data in the summer (Fig. 8b) .

The sea ice flow fields in both fully sea ice-cov

ered winter season (Fig. 8a) and summer when most

of the coastal ice was melted (Fig. 8b) showed a

similar Beaufort gyre pattern as the sea smface cur

rent (see Fig. 3) in response to wind forcing. But in

the winter, the ice flow was weaker than the ocean

current in the ACC area, because different directions
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Fig. 8. Modeled ice velocity: shaded areas indicate velocity less than 1 cm!s (a) and comparison

of modeled ice concentration and SSM/I ice edge( contour of 15% ice concentration) (b).

of the wind offset part of the ACC drag on the

sea ice. Under little external forcing by combined

wind and oceanic drag and the blocking effects of the

coastline on wind-driven ice drift, the sea ice along

the Beaufort Sea coast had become virtually stationa

ry in the model. The shaded areas in Fig. 8a denote

areas where sea ice velocities were less than 1 cm!s,

and this area is very similar to the obsell'ed monthly

mean landfast ice in March (Fig. 9, from Mahoney,

Eicken et al. , 2007). Landfast ice extent in differ

ent areas of the arctic is controlled by different

mechanisms, e. g., barrier islands and involved

coastlines, a lack of strong currents and tides, and

shallow water are all conducive to the fonnation of
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landfast ice. Figure 8a suggests that the combined

atmospheric-ice-ocean conditions in the coastal

Beaufort Sea can produce weak ice now and, thus,

the area is prone to the formation of landfast ice.

Since the axis of ACC was further away from the

•••••••

coast in the Beaufort Sea than the Chukchi Sea, the

fast ice extent can gow wider along the Beaufort Sea

coast. To well resolve the ACC and the narrow strip

between the ACC and Beaufort Sea coastline is es

sential for modelli ng the Alaskan coastal fast ice.

""",n,un,
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l"dxual'!
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,... " ... ,.......
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Fig. 9. Minimum mean and maximum monthly mean landfast sea ice extents. The dotted area in·

dicates where land ice was never observed (Mahoney et &.1. , 2006).

There are also other possible mechanisms for

landfast ice formation that are still not included in

the model, for example. ridges can be formed by the

convergence and shear of westward drifting ice in the

Beaufort gyre against the coast and local onshore

wind (Mahoney et al., 2004). and these events

play an important role in anchoring the landfast ice.

The anchoring strength provided by ridges could be

two to three orders of magnitude greater than typical

wind or water stresses (Mahoney. Eicken and Sha

plro, 2(07). Therefore. additional decoupling

processes, such as sea level sw-ges or thennal ero

sion of keels, must OCCill in addition to offshore Cill

rent stress in order to cause the landfast ice to de

tach. Although the fast ice can cover a large area

(see Fig. 9), its scale is heterogeneous in different

directions. These anchoring ridges that sometimes

were also the edge of the fast ice. could be long in

length, but very narrow in width for the current sea

ice model to resolve. The ridge thickness in a model

grid much coarser than the real ridge scale would be

significantly underestimated, and thus, not thick
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enough to touch the seafloor. Therefore parameter

ization of those small-scale dynamics is necessary to

include the mechanism in the ice - ocean models.

5 Swrunary

The Chukchi and Beaufort Seas include the in-

teractions of several important water masses; the in

coming wann and fresh Pacific water. the cold and

salty arctic surface water, and the Atlantic interme

diate water. The current system in the Beaufort Sea

is strongly shaped by these water masses. The ACe

was strong at the Barrow Canyon, but after it turned

into the Beaufort Sea, the ACe was weakened and

became unstable under the influence of the Beaufort

gyre and the prevailing wind in the opposite direction

of the ACe. The observed oceanic current revealed

low-energy and high-frequency small-scale activities

in the Beaufort Sea. The seasonal variations of the

current were also high, and the annual mean oceanic

current at the BIT and the BFS on the shelf break

were at the same level or less than their standard de-

viation.

The comhi ned effects of the ocean current,

wi nd, and coastline made the Beaufort Sea coast

prone to the formation of the landfast ice. High reso

lution is essential to simulate this ice ocean condition

along the Alaskan coast. Some mechanisms, such as

ridges formed by the convergence and shear of drif

ting ice. have heterogeneous scales in different di

rections and are too narrow in width for the current

sea ice model to resolve. Thus, further parameteriza

tion of those small-scale dynamics is necessary in the

future to include the mechanism in the ice - ocean

models.
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